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(1) providing more precise information for the current task. In this study, human observers judged the distance between two parallel surfaces in two withinwhere Ŝ V , Ŝ H , and Ŝ VH are the visual, haptic, and commodality experiments (vision-alone and haptics-alone) bined estimates, respectively. The ws and s are the and in an intermodality experiment (vision and haptics weights and standard deviations of the estimates, retogether). In the within-modality experiments, the prespectively. According to this model, the combined esticision of visual estimates varied with surface orientamate is shifted toward the estimate of lower variance. tion, as expected from geometric considerations; the Thus, if the visual estimate is more precise than the precision of haptic estimates did not. An ideal observer haptic, the optimal combined estimate would be closer that combines visual and haptic information weights to the visual size. If the visual estimate is less precise them differently as a function of orientation. In the than the haptic, the optimal combined estimate would intermodality experiment, humans adjusted visual and be closer to the haptic size. The variance of the comhaptic weights in a fashion quite similar to that of the bined estimate is ideal observer. As a result, combined size estimates are finer than is possible with either vision or haptics
alone; indeed, they approach statistical optimality.
which is lower than the haptic and visual variances.
Results
Thus, the optimal combination is more precise than either vision or haptics alone [7, 8] . The precision of perception varies in everyday settings. Do humans combine vision and haptics optimally? To For example, changes in viewing distance, lighting, and find out, we varied the orientation of two parallel surmotion affect the ability to estimate object properties faces and had people judge the distance between the visually. Consider estimating the distance between two surfaces. We first asked whether precision varies with parallel planar surfaces. When the surfaces are parallel surface orientation when only visual information is availto the line of sight ( Figure 1A) , visual estimation is able (as expected from the viewing geometry), and straightforward: the retinal angle between the projecwhether precision is constant across orientation when tions of the two surfaces is measured and scaled for only haptic information is available (as expected from distance. In this case, the error in estimating intersurface hand mechanics). Then, from the within-modality meadistance should increase in proportion to viewing dissurements (vision-alone and haptics-alone), we detertance. When the surfaces are perpendicular to the line mined the optimal weights (Equation 1) for intermodality of sight (and transparent; Figure 1B ), visual estimation (visual-haptic) measurement. We then conducted a viis more difficult: now one must measure binocular dissual-haptic experiment to determine whether humans parity between the surfaces and scale for distance. Becombine information across the senses in a statistically cause of the geometric relationship between disparity optimal fashion. and relative distance, the error in estimating intersurface
The visual stimuli were random-element stereograms distance should increase in proportion to the square of of two parallel planes under three orientations-parallel, viewing distance. Thus, we expect visual judgments of oblique, and perpendicular-relative to the line of sight. intersurface distance to be more precise in the former
The haptic stimuli were created by using force-feedback than in the latter case [ reported which of two 750-ms presentations contained 
Intermodality Experiment
We next asked whether the brain fully utilizes visual and tion of trials for which the comparison was judged as larger than the standard as a function of the comparison haptic information when both are available. Specifically, does vision receive more weight than haptics when the distance. The slopes of cumulative normals fitted to the data correspond to the precision of the within-modality surfaces are parallel to the line of sight, and does haptics receive more weight than vision when the surfaces are judgments: steeper slopes indicate greater precision. As expected, precision with vision-alone was highest perpendicular? We presented visual and haptic information specifying intersurface distance. To determine the when the surfaces were parallel to the line of sight and lowest when they were perpendicular. Also, as expected, weights, we introduced a discrepancy between the visually and haptically specified distances. precision did not vary with orientation in the haptics- Two 750-ms stimuli, no-conflict (S V ϭ S H ) and conflict nated the visual-haptic percept, the visually specified distances of the conflict and no-conflict stimuli would (S V ϶ S H ), were presented in random order. Observers indicated the one containing the larger intersurface dishave to be physically equal to be perceived as equal; the data would have a slope of 1. Similarly, complete tance. Figure 3 shows the results; Figures 3A-3C show the proportion of trials in which the no-conflict stimulus haptic dominance would yield data with a slope of Ϫ1. If neither vision nor haptics completely dominated, the was judged as larger than the conflict stimulus as a function of the no-conflict size. The psychometric funcPSEs would fall between the diagonals. The ML prediction is closest to visual dominance when surface orientation tions and points of subjectively equal size (PSEs) were shifted toward the visual size in the parallel condition was parallel to the line of sight because visual estimates were most precise in that condition. The prediction and toward the haptic size in the perpendicular condition. These shifts are consistent with the expectation shifted toward haptic dominance when the stimulus was perpendicular because vision was less precise than hapthat vision will dominate the judgment when the visual variance is lower than the haptic variance and that the tics in that condition (Figure 2) . The data points represent the observed PSEs. The agreement between predicted reverse will occur when the visual variance is higher.
We 
oblique condition, where vision was given too much
The finding of close correspondence between observed and predicted thresholds shows that humans combine weight relative to prediction. Overall, the PSEs suggest that the brain is nearly optimal statistically in taking visual and haptic information in a fashion that allows finer discrimination than is possible from either sense varying visual precision into account. One cannot, however, determine from average responses (such as PSEs) alone. Indeed, by the criterion of discrimination capability, the combination approaches statistical optimality. whether the variability of the combined estimate is reduced relative to the vision-alone and haptics-alone estimates. To examine this, we looked at how discriminaDiscussion tion thresholds (JNDs) were affected.
An observer following the ML combination rule would We have shown that the nervous system acts as if it make finer discriminations when vision and haptics were reassigns the weights of visual and haptic estimates both available than when only one was (Equation 2 tions with no free parameters, and then compared these servers to adopt a less-than-optimal strategy (such as predictions quantitatively with empirical observations switching between only the visual or only the haptic [8, 18] . Both of those studies used artificial manipulapercept when the conflict was noticeable, [7] ). To test tions of sensory reliability. We employed a natural cause this, we reanalyzed the data by using only trials in which of variation in visual estimates: the correlation between the conflict was 1.5 mm or less. Figure 4B shows the surface orientation and measurement error in estimating result: the observed thresholds were closer to the preintersurface distance [1, 2] . Because this correlation is dictions. (See Figure S2 in the Supplemental Data availubiquitous in everyday perception, observers in our able with this article online for further analysis.) study were more likely to use commonplace rather than Figure 4C shows the predicted and observed JNDs ad hoc strategies. The fact that nearly optimal cue intefor small or zero conflicts for each observer and each gration was observed in all three studies suggests that stimulus orientation. The good agreement between prethe phenomenon is pervasive. dicted and observed shows that individual differences
The observed and predicted PSEs in our experiment in intermodal discrimination can be largely explained by behavior in the within-modality experiments.
were very similar ( Figure 3D ), but the observed and pre- tem's average response. Variable weights would, however, cause a JND increase because they are determined
